Abstract: The objective of this investigation is to present a decentralized design of decentralized controllers for a 20-story steel structure benchmark. The benchmark problem was proposed within the structural control community to design and compare control schemes for seismically excited buildings. The control design problem is focused on an in-plane analysis of one-half of the structure. The height of the building naturally suggests the disjoint decomposition of a finite element overall dynamic model into two subsystems, each covering 10 stories. Interstory elements appearing between the 10th and the 11th fool serve as the coupling elements of the overall interconnected system. The idea of decentralization of control has been numerically tested and compared to the benchmark sample centralized LQG design. The performance of the decentralized control design has been assessed by means of given benchmark evaluation criteria, eigenvalue analysis and time responses for both pre-earthquake and post-earthquake structures.
INTRODUCTION
Large-scale complex systems refer generally to the large size and complexity of systems when considering the formulation of control laws. Particularly, large size, uncertainty, information structure constraints, and delays are standardly the motivating issues for development of decentralized control strategies including the concurrent development of numerically efficient computational algorithms. It is usually convenient to represent large-scale system as a collection of coupled subsystems. It generates a subsequent need to develop efficient decomposition algorithms that are based exclusively on the structure of a given system.
Prior Work
Large-scale system control problems and the methodologies to overcome particular complexity problems generated by these systems have been are are being developed since the 1970s. The relevant methodologies are surveyed in detail for instance in Bakule and Lunze [1988] , Šiljak [1991] , Bakule [2008] , Zečević andŠiljak [2010] .
Large flexible structures are just one of many practical applications where decentralized control strategies have been and are currently being applied. It is well known that the control of flexible structures represents a new, difficult and unique problem, with many complexities in the processes of modelling, control design and implementation. Benchmark structural models have been proposed in recent years as challenging problems to the structural control community to design and compare control schemes for flexible structures subjected to vibration excitations Housner et al. [1997 ], Spencer Jr. et al. [1998 , Dyke et al. [2003] , Gawronski [2004] , Bakule et al. [2005] , Preumont [2011] . Decentralized control strategies for building structures have been studied within lumped models in Lei et al. [2012] , Lei and Wu [2011] , Lei et al. [2013] , Li et al. [2011] , Seth et al. [2005] , Wang et al. [2005] .
The paper attempts to explore the possibility of decentralized design of decentralized controllers by using disjoint decompositions for the 20-story building benchmark control problem proposed in Spencer Jr. et al. [1998] . The problem is based on the decomposition of a 20-story steel building structure into two disjoint substructures followed by the LQG design. The building is described by a high-fidelity linear time-invariant state space model and designed as the true evaluation model. Sixteen evaluation criteria measuring the effectiveness of proposed control strategies are given. They quantify the reduction of undesired responses of the evaluation mode to ground excitation along with the associated design constraints such as energy consumption. Four different records of real-world earthquakes are used for each simulation run. Two different models are used for each run, i.e. pre-earthquake and post-earthquake structures which differ in the values of the system parameters. The benchmark problem includes the results of the sample example which is based on the centralized control LQG design. This case has been selected as a reference case for the comparison of the results.
To the authors best knowledge, the problem of decentralized LQG design for in-plane (2D) 20-story benchmark building problem has not been solved up to now.
Outline of the paper
In this study, the simplest case of decentralized design of decentralized controllers is considered for the overall finite element on in-line (2D) pre-and post-earthquake models (FEM) to illustrate the potential of this approach. Particularly, each overall model is considered as composed of two disjoint subsystems with disjoint coupling. The first subsystems is composed of the building structure of the 1-10th floors, while the second subsystem is composed of the remaining structure between the 11-20th floors. The couplings are the parts of the columns between the 10th and the 11th floors. Identical models and location of all sensors is used as those ones in the sample centralized case. A total of 56 actuators have been selected with their particular locations on the floors. The main reason for this selection is that, in order to conclude on the potential benefits of an decentralized control scheme, it is a standard step to compare the performance with the one of a centralized control scheme. The design procedure is based on the decomposition of the overall systems into two subsystems by neglecting the coupling terms. Then, the necessary model reductions for each subsystem are performed. Subsequently, the local LQG design with an infinite time horizon is adopted for each reduced subsystem of the post-earthquake model. Finally, the local LQG controllers are implemented into the original overall system. And, the performance, calculation of evaluation criteria given in the benchmark problem, and analysis of time history response for selected earthquake excitations are applied on both pre-and post-earthquake models.
PROBLEM STATEMENT
Consider the 20-story building structure illustrated in Figure 1 . A complete physical description of the 20-story building benchmark problem, i.e. a finite element model and a Matlab/Simulink simulation framework are given in Spencer Jr. et al. [1998] . Suppose the sensor and their locations are identical with those ones used in the sample control system design example.
The objectives of this study are the following:
(1) To propose a convenient decomposition of the building structure into disjoint subsystem/interconnection structure. The input excitation of the building structure is supposed to be one of the four real world historical earthquake
Northridge ( 1994) , and (iv) Kobe (1995) . The N-S component of each earthquake record is used as the model input. Each proposed control strategy is evaluated for all earthquake records.
SOLUTION
First, sensor and actuator models as well as their location must be defined. Suppose the sensor and their locations are identical with those ones used in the sample control system design example. They are located on floors 5,9,13,17, and the roof. The section is divided into three parts: Decomposition and actuators, Control design and Simulation results. model substructures S1 and S2. Fig.1b shows the plan of the structure. 
Decomposition and Actuators
The decomposition of the original FEM model S into two subsystems S1 and S2 is proposed as shown in Fig.1 . The system S has 540 DOFs prior the realization of the corresponding boundary conditions. The coupling terms between the 10th and the 11th floors include not only the parts of the steel columns of the building but also the control device located between these floors. The implementation of a hydraulic actuator is shown in Fig.2 . In general, the actuators require the information from both the ith and the (i + 1)th floors. For instance the desired force u(t) generated by the actuator HD is in an opposite direction to the inter-story velocity ∆ẋ(t). It means that the elimination of the disjoint coupling terms must include also the elimination of the corresponding control devices. The subsystems S1 and S2 have 2 and 3 measured outputs, and 9 and 10 control inputs, respectively.
Hydraulic actuators are located on each floor except the 10th floor. A total of 56 actuators are used. The numbers of actuators and their location on the floors are based on the analysis of physical properties of the decomposed structure. These numbers are from the bottom to the roof 2, 1, 1, 1, 1, 1, 1, 1, 7, 0, 4, 4, 4, 4, 4, 4, 4, 4, 4, 4. More precisely, the original mass and stiffness matrices have the order of 540 with two block diagonal blocks of the order 270. These matrices are reduced to 526 DOFs by excluding the elements, which are firmly attached to the ground. The matrices describing a lower subsystem S1 are reduced to 256 DOFs. The matrices describing an upper subsystem S2 are not reduced, i.e. its dimension remains unchanged. Then, the Ritz and Guyan reduction follow. It results in a reduced mass and stiffness matrices of order 106 with a block diagonal structure, where the lower and the upper blocks have the dimensions 49 and 57. The corresponding state-space system has the dimension 212. The subsequent model reduction results in the systems S1R and S2R of the dimensions 26 and 24, respectively. It remains to add 19 equations of the actuators which are divided as 9 and 10 for the subsystems S1R and S2R, respectively. Therefore, the closed-loop reducedorder control design system SRC has the dimension 69 with the local closed-loop subsystem dimensions of order 35 and 34.
The number, locations and models of sensors has been selected identically with the sample example by Spencer Jr. et al. [1998] . Such sensors distribution save the wired costs without any information constraints due to the observer. The minimal number and the location of actuators results is selected to reach acceptable values of the evaluation criteria and the structure responses. Only one decomposition of the structure is applied to serve as a methodological prototype case. Other decompositions are omitted here due to the space limitation.
Control Design
A large size of the model of building structure requires the model reduction. First, the mass and stiffness matrices are reordered into active and dependent DOFs. The dependent DOFs are reduced out for both the systems S1 and S2. Then, the Guyan reduction is applied on both subsystems. Finally, the order of state-space models for both substructures is reduced preserving input-output relationships. The orders of the resulting reduced control design systems S1R and S2R corresponding with the subsystems S1 and S2 are 26 and 24, respectively. The LQG design is performed for the systems S1R and S2R, the decentralized observercontroller with 19 control devices is implemented into the evaluation model of the order of 231. Then, the overall closed-loop system performance is evaluated on the evaluation model.
Fig.3. Simulink model of decentralized control design
The decomposition as well as the model reductions and the LQG control design are standard design procedures. Simulink scheme which is shown in Fig. 3 illustrates two local feedback loops with the controllers designed for the reduced subsystems S1R and S2R.
Computational algorithm follows:
Algorithm.
(1) Decompose the FEM model S into into two subsystems S1 and S2 by cutting the connections between the 10th and the 11th floors. (2) Perform the partitioning of the mass and stiffness matrices into active and dependent DOFs, condense out the dependent DOFs, and apply the Guyan reduction on the systems S1 and S2. (3) Construct the state-space model for both postearthquake subsystems models and apply the model reduction. Select a minimal order of the subsystem's states ensuring the stability of the reduced-order models. (4) Perform the LQG design with preselected weighting matrices for reduced order subsystems. (5) Implement the local controllers into the original overall FEM model and run simulations. (6) Evaluate the results by computing the given benchmark evaluation criteria, the dynamic responses and eigenvalues for both pre-earthquake and postearthquake evaluation models. If the evaluation results are satisfactory goto (7), else goto (4) and tune the control design with different weighting matrices. (7) End.
Algorithm presents the steps of decentralized design of decentralized controllers. Decomposition at the level of the original FEM model is necessary because the subsequent model reduction requires the balance realization operating only with the subsystem's states. The model reduction and the LQG design are performed using well-known algorithms. Matlab/Simulink and Control System Toolbox are used to help in this design and also to perform the numerical evaluations. Fig. 3 shows the Simulink diagram with the two decentralized controllers. Local feedback loops use only local states. There are no actuators in the couplings.
The resulting controller gain matrix K has the dimensions 19x69. It is composed of the block matrices K1 and K2 of dimensions 9x35 and 10x34, respectively. The resulting observer gain matrix L has the dimensions 69x5. It is composed of the block matrices L1 and L2 of dimensions 35x2 and 34x3, respectively.
Simulation Results
A systematic evaluation of the performance is based on the evaluation criteria J 1 − J 16 . The criteria J 1 − J 15 are those ones used by Spencer Jr. et al. [1998] . The criterion J 16 has been added. It is the value of the maximal actuator force corresponding with the current simulation run. It is required to keep this value less than the capacity of 897 kN which is allowed for used hydraulic actuators. The criteria J 1 − J 3 have been selected as the most significant criteria. More precisely, these criteria are defined as follows
where J 1 denotes the maximum displacement over the set of all states x i (t) corresponding to the horizontal displacement of floors relative to the ground. x max is the maximum uncontrolled displacement and over all four earthquakes denoted as E.
where J 2 denotes the maximum inter-story drift over the set of all states x i (t) corresponding to the drift of floors. d max is the maximum inter-story drift and over all four earthquakes denoted as E.
where J 3 denotes the maximum floor accelerations. corresponding to the drift of floors.ẍ max a is the maximum uncontrolled floor acceleration corresponding to each earthquake from E.
Note that the values of the criteria J 1 − J 8 are equal to one, while the values of the remaining criteria are equal to zero for the uncontrolled system. Any successful controller design corresponds with the values of criteria J 1 − J 8 less than one. The post-earthquake model has decreased stiffness caused by assumed structural damages compared with the pre-earthquake model. Simulations have shown that the usage of the post-earthquake model for the control design with a subsequent verification on the closed-loop system composed of the pre-earthquake model with the feedback gain matrices generated for the post-earthquake model is more convenient approach than the usage of these models in the opposite order. Therefore, the proper decentralized LQG design has been performed for the postearthquake model as the case corresponding with the worst possible scenario. It is observed from above tables that the values of the main criteria J 1 − J 3 are less than one and hydraulic actuators with a capacity of 897 kN do not exceed the maximum force capacity over all four earthquakes. Note only J 4 is little greater than one also in the sample example which is considered as acceptable. The centralized sample example values of the criteria J 1 − J 16 are completely available for comparison in Spencer Jr. et al. [1998] . The last set of the results compares first ten natural frequencies of the designed closed-loop system (cont) with those ones of the uncontrolled system (uncont) and the sample example (sample) for both pre-earthquake and post-earthquake cases as follows The first mode is only little changed. The remaining modes are changed more. They are moved to lower frequencies. It may be interpreted as a better performance of the decentralized closed-loop system in comparison with the uncontrolled building structure, but worse when considering the sample example modes.
CONCLUSION
The paper presents simulation results of the decentralized design of decentralized LQG controllers for the 20-story 2D benchmark problem performed by using Matlab and Simulink. The main motivating ideas and objectives is the study of a potential usefulness of this approach for active control of large building structure. Decentralized control strategies offer generally the increase of operational reliability, reduction of communication costs and possibility of parallel implementation in real time when comparing them with centralized control issues. The building was decomposed into two disjoint subsystems, where the couplings are the parts of the columns between the 10th and the 11th floors. By properly identifying the nodes in the overall benchmark finite element model of the structure, it is possible to specify state space models for each subsystem. The benchmark sample centralized LQG design was selected as a reference for decentralized control design. The decentralized model has used the same models and locations of sensors but a little higher number and different locations of actuators as in the sample example case. The model reductions has been applied on each subsystem. The reduced order post-earthquake subsystems are used as the models for the LQG design. The evaluation has been performed on the original FEM model with the implemented local controller for both pre-and postearthquake models. The performance assessment based on the benchmark evaluation criteria, the analysis of selected responses and the eigenvalues have been adopted for all prototype earthquakes.
The results look promising and confirm expectations. They are slightly worse than in the case of sample centralized case but lie within acceptable ranges. This encourages applying various system decomposition strategies as well as wired and wireless decentralized control design methodologies to the civil structure benchmark problem in the future.
